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cal	 insects’	 phenological	 patterns	 are	 still	 poorly	 understood,	 especially	 in	 the	
Afrotropics.	 To	 fill	 this	 gap,	 we	 investigated	 biodiversity	 patterns	 of	 Lepidoptera	
communities	at	three	rainforest	localities	in	the	foothills	of	Mount	Cameroon,	West	
Africa,	one	of	the	wettest	places	in	the	world.	Our	multitaxa	approach	covered	six	














of	 Lepidoptera	 across	 trophic	 levels,	 such	 changes	 in	 their	 communities	 could	
strengthen	this	impact	on	entire	tropical	ecosystems.
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1  | INTRODUC TION
Understanding	 the	 spatial	 and	 temporal	 dynamics	 of	 biodiver-
sity	 is	 one	of	 the	main	 goals	 of	 current	 ecology	 (Magurran,	 2007;	
Rosenzweig,	 1995).	 Although	 spatial	 patterns	 of	 biodiversity	 have	
been	widely	studied,	 research	on	 its	 temporal	dynamics	 in	natural	




In	 tropical	 rainforests,	 phenology	 of	 individual	 insect	 species,	
as	 well	 as	 of	 whole	 ecosystems,	 follows	 the	 regional	 seasonal-
ity	 typically	 represented	by	 swapping	of	 the	wet	 and	dry	 seasons	





DeVries,	 Alexander,	 Chacon,	 &	 Fordyce,	 2012;	 Devries	 &	 Walla,	
2001;	 Grøtan,	 Lande,	 Engen,	 Sæther,	 &	 DeVries,	 2012;	 Grøtan,	




from	 a	 lack	 of	 comprehensive	 studies.	 Available	 detailed	 studies	





the	 main	 peak	 of	 adult	 Lepidoptera	 abundances	 (Intachat	 et	 al.,	
2001)	and	species	richness	(Grøtan	et	al.,	2014,	2012	;	Valtonen	et	
al.,	2013)	with	a	 time	 lag	of	 two	or	 three	months	after	 the	begin-




temperature	and	 increasing	precipitation	 in	 the	early	 rainy	 season	
negatively	affect	adults’	activity	 (Holyoak,	Jarosik,	&	Novák,	1997;	
Ribeiro	&	Freitas,	2010),	while	strong	rainfalls	and	high	humidity	in-
crease	 the	mortality	 of	 early	 life	 stages	 by	 increasing	 the	 activity	






on	 caterpillars	 (Molleman,	 Remmel,	 &	 Sam,	 2016).	 Similarly,	 mass	




nological	 patterns	 (Ribeiro,	 Prado,	 Brown,	 &	 Freitas,	 2010).	 The	





seasons	 for	butterflies	 (Valtonen	et	al.,	2013),	 and	wet	 season	 for	
butterflies	 (Checa,	 Rodriguez,	Willmott,	&	 Liger,	 2014;	DeVries	 et	
al.,	1997;	Devries	&	Walla,	2001).	No	specific	seasonal	patterns	of	
species	richness	were	revealed	for	Sphingidae	(Beck	&	Linsenmair,	
2006),	 Arctiinae	 (Hilt	 et	 al.,	 2007),	 butterflies	 (Larsen,	 Riley,	 &	
















will	 strongly	affect	 the	seasonality	of	 rainfall	 in	 the	 tropics	during	
the	next	 century,	with	 expected	 strong	 changes	 in	 the	 amount	of	




consequent	 effects	 on	 the	 related	 trophic	 levels.	 To	 predict	 such	
changes,	it	is	firstly	necessary	to	identify	the	current	seasonal	pat-
terns	of	communities.








(d)	 Are	 these	 phenological	 patterns	 consistent	 across	 a	 few	 unre-
lated	lepidopteran	groups?
To	 answer	 these	 questions,	 we	 combined	 an	 extensive	 stan-
dardized	 sampling	 by	 fruit-baited	 traps	 with	 attraction	 by	 light.	
Considering	 the	 extreme	 seasonality	 within	 the	 study	 area,	 we	
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survey	of	butterflies	(Figure	1)	and	several	moth	groups	using	stan-







2  | MATERIAL S AND METHODS










is	 recognized	 as	 a	 hotspot	 of	 biodiversity	 and	 endemism	 for	 a	
wide	 range	of	 taxa	 (Cronin,	Libalah,	Bergl,	&	Hearn,	2014),	 includ-
ing	Lepidoptera	(Heppner,	1991;	Maicher	et	al.,	2016;	Ustjuzhanin,	
Kovtunovich,	 Sáfián,	Maicher,	&	Tropek,	 2018;	Yakovlev	&	 Sáfián,	
2016).	 The	 region	 is	 characterized	 by	 strong	 seasonality,	 mostly	





































(the	 same	 plots	 as	 in	 Ferenc	 et	 al.,	 2016).	Within	 each	 plot	 (20	m	






baited	 by	 ca	 0.3	L	 of	 fermented	mashed	 bananas,	 refreshed	 daily,	
and	completely	replaced	every	three	to	five	days	according	to	bait	
condition.	All	the	traps	were	exposed	for	10	consecutive	days	within	










catching	 in	 total.	 Five	 nights	 before	 and	 after	 a	 full	moon	were	
avoided.	Moths	were	 attracted	by	 an	energy-saving	bulb	 (M036	
F I G U R E  1   Euphaedra permixtum	(Butler,	1873)	is	a	fruit-feeding	
butterfly	typical	for	many	tropical	forests	of	West	and	Central	
Africa.	Photo	by	Jan	Mertens
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produced	by	Hadex,	Czechia:	4100	K,	5300	lm,	105	W,	230	V,	5U)	
placed	 in	 the	center	of	 two	perpendicularly	placed	white	 sheets	











the	 material	 (most	 butterflies	 and	 some	 bait-trapped	 moths,	 i.e.,	
common	Erebinae	and	Calpinae)	was	identified	directly	in	the	field;	
the	rest	was	later	mounted	and	identified	into	(morpho)species	in	a	
laboratory	 combining	morphological	 features	 and	 genitalia	 dissec-
tions.	Voucher	specimens	are	stored	in	the	Institute	of	Entomology,	
Biology	 Centre,	 Czech	 Academy	 of	 Sciences,	 České	 Budějovice,	
Czechia	 (bait-trapped	 butterflies	 and	 moths),	 and	 the	 Nature	
Education	Centre,	Jagiellonian	University,	Kraków,	Poland	(all	other	
focal	groups,	as	well	as	a	portion	of	the	bait-trapped	species).









an	 estimation	 of	 the	 total	 species	 richness	 of	 each	 focal	 group	 in	
each	 season,	 the	 bias-corrected	Chao1	 species	 richness	 estimator	
was	computed	with	the	SpadeR	package	(Chao,	Ma,	Hsieh,	&	Chiu,	
2016).
To	avoid	 the	known	problems	with	 incomplete	 inventories	and	
to	allow	better	comparability	with	other	studies,	our	 interseasonal	
biodiversity	comparisons	were	based	on	 four	different	metrics,	 all	
based	 on	 the	 critical	 review	 by	Beck	 and	 Schwanghart	 (2010).	 To	
compare	communities,	we	used	the	following	indices:	(a)	abundance,	
that	is,	the	number	of	sampled	individuals;	(b)	species richness,	that	
is,	 the	number	of	 recorded	 species;	 (c)	 the	bias‐controlled effective 
number of species	 (eHbc)	 based	 on	 bias-corrected	 Shannon’s	 en-
tropy,	 currently	 considered	 as	 one	 of	 the	most	 suitable	measures	




tories.	 The	 latter	 two	 indices	 were	 computed	 using	 the	 entropart 
(Marcon	&	Hérault,	2015)	and	vegan	(Oksanen	et	al.,	2017)	packages,	
respectively.




collected	 within	 each	 plot	 in	 the	 10	 sampling	 days	 for	 the	 bait-
trapped	material	(i.e.,	all	five	traps	and	10	days	of	bait	trapping	per	
plot	were	pooled	to	form	a	sample),	and	within	each	plot	in	two	sam-














To	 quantify	 the	 interseasonal	 changes	 in	 species	 composition,	we	
used	measures	of	beta-diversity.	Beta-diversity	was	partitioned	into	
two	additive	components:	 (a)	 interseasonal	species turnover	and	(b)	
nestedness of	communities	occurring	in	individual	seasons	(Baselga,	
2010,	 2012	 ).	 The	 first	 represents	 the	part	 of	 the	 total	 dissimilar-
ity	 caused	by	 species	 turnover	 among	 individual	 seasons.	The	 lat-
ter	represents	the	part	of	the	total	dissimilarity	caused	by	the	fact	
that	the	species-poorer	community	is	a	subset	of	the	richer	one.	For	




similarity	caused	by	the	species	 turnover,	and	 into	 the	nestedness	
(βnes),	 reflecting	the	dissimilarity	caused	by	the	communities’	nest-
edness.	 All	 the	 indices	were	 computed	with	 the	betapart package	
(Baselga	&	Orme,	2012).
2.5 | Community composition
Interseasonal	 changes	 in	 species	 composition	 of	 the	 sampled	
communities	 were	 analyzed	 by	 multivariate	 ordination	 methods	
(Šmilauer	&	Lepš,	2014).	For	all	analyses,	material	from	all	five	traps	
per	plot	and	10	sampling	days	per	season	was	pooled.	To	reveal	 if	
individual	 samples	 (plots)	cluster	mainly	according	 to	 the	sampling	
season,	Nonmetric	Multidimensional	Scaling	analyses	(NMDS)	with	




analyses	 (CCA)	with	season	 as	 the	explanatory	variable	and	site	 as	







3.1 | Total species richness and abundance
In	 total,	 20,576	 individuals	 of	 all	 focal	 groups	 were	 collected.	
From	these	numbers,	16,062	 individuals	 (10,425	butterflies,	5,637	







closely	 approach	 the	 asymptote,	 indicating	 relatively	 well-sampled	
communities,	especially	concerning	butterflies	(Supporting	Information	
Figure	 S1–S3).	 Concerning	 the	 light-attracted	 moth	 groups,	 the	 in-
dividual-based	 rarefaction	 curves	 and	 Chao1	 estimators	 suggested	







est	 during	 the	 transition	 from	 wet	 to	 dry	 seasons	 for	 all	 focal	
groups,	except	Eupterotidae	for	whom	total	abundance	was	lower	
during	 the	high-dry	 season	 (Table	1,	 Figure	2).	 Total	 abundance	
was	 highest	 in	 the	 high-dry	 season	 for	 butterflies,	 Sphingidae	
and	 Saturniidae,	 and	 in	 the	 transition	 from	 dry	 to	 wet	 seasons	
for	 fruit-feeding	 moths	 and	 Arctiinae.	 Eupterotidae	 were	 most	
abundant	during	the	transition	from	wet	to	dry	seasons	(Table	1,	
Figure	 2).	 The	 Chao1	 followed	 the	 same	 patterns	 as	 total	 spe-
cies	 richness	 for	all	 groups,	except	Saturniidae	with	 the	highest	
Chao1	 in	 the	 transition	 from	wet	 to	 dry	 seasons	 (Table	 1).	 The	
TA B L E  1  Summary	of	abundance	and	diversity	of	individual	focal	groups	of	Lepidoptera	in	different	seasons	on	Mount	Cameroon
Focal group Season Total abundance
Total number of 
species eHbca Fisher's α Chao1 (±SEb) SCc
Butterflies Wet	to	dry 1,701 88 37.57 19.68 99.7	(±7.9) 0.99
Dry 6,789 101 36.33 16.83 106.6 (±5.3) 0.99
Dry	to	wet 1,935 88 33.94 18.99 102.2	(±8.6) 0.99
Total 10,425 117 44.1 18.46 130.0	(±9.3) 0.99
Fruit-feeding	moths Wet	to	dry 1,238 146 42.54 43.02 239.1	(±33.3) 0.95
Dry 1,841 152 44.74 39.29 203.3	(±18.1) 0.97
Dry	to	wet 2,558 186 43.89 46.11 267.3 (±26.5) 0.97
Total 5,637 286 57.9 63.62 443.5	(±42.8) 0.98
Arctiinae Wet	to	dry 845 60 27.35 14.76 63.0	(±2.9) 0.99
Dry 1,248 62 20.62 13.71 75.1	(±9.0) 0.99
Dry	to	wet 1,552 79 31.92 17.59 91.0 (±7.9) 0.99
Total 3,645 86 32.8 15.79 102.5	(±12.9) 0.99
Sphingidae Wet	to	dry 111 16 6.2 5.13 25.0	(±8.0) 0.92
Dry 262 24 7.12 6.43 36.0 (±10.7) 0.96
Dry	to	wet 144 20 5.26 6.31 33.6	(±11.1) 0.92
Total 517 38 7.09 9.45 60.62	(±14.9) 0.97
Saturniidae Wet	to	dry 40 7 5.09 2.46 8.0	(±2.2) 0.95
Dry 132 11 2.95 2.85 14.0	(±4.1) 0.97
Dry	to	wet 80 11 7.29 3.45 20.9 (±10.1) 0.94
Total 252 15 7.14 3.49 20.0	(±6.0) 0.98
Eupterotidae Wet	to	dry 54 14 11.87 6.13 15.5 (±2.2) 0.93
Dry 15 9 13.35 9.5 13.7	(±5.2) 0.62
Dry	to	wet 31 10 9.7 5.12 12.9	(±4.1) 0.87
Total 100 17 12.5 5.88 20.0	(±4.1) 0.96
Note.	The	highest	values	of	each	diversity	measure	for	each	focal	group	are	indicated	in	bold.
aThe	bias-controlled	effective	number	of	species	based	on	bias-corrected	Shannon’s	entropy.	bStandard	error.	cSampling	coverage.	
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total	eHbc	showed	different	patterns	(Table	1).	It	was	highest	ei-
ther	 in	 the	high-dry	 season	 (for	 fruit-feeding	moths,	 Sphingidae	
and	Eupterotidae),	 in	the	transition	from	wet	to	dry	seasons	(for	
butterflies),	 and	 in	 the	 transition	 from	 dry	 to	 wet	 seasons	 (for	
Arctiinae	and	Saturniidae).	 Fisher’s	α	 followed	a	 similar	pattern,	
except	for	fruit-feeding	moths	with	the	highest	value	in	the	tran-
sition	from	dry	to	wet	seasons.
3.2 | Local species richness and diversity
The	GLMMs	of	 abundance	 and	 species	 richness	 per	 sampling	plot	
(Figure	2,	Table	2)	revealed	the	high-dry	season	communities	signifi-
cantly	most	abundant	and	richest	for	butterflies	and	Sphingidae,	and	
poorest	 for	 Eupterotidae.	 Fruit-feeding	 moths	 and	 Arctiinae	 were	
shown	to	be	significantly	richest	in	individual	plots	in	the	transition	
from	dry	to	wet	seasons.	Saturniidae	did	not	reveal	any	significant	














The	 pairwise	 Sørensen	 total	 dissimilarities	 varied	 greatly	
among	 taxa	 (Table	 3).	 The	 communities	 of	 fruit-feeding	 moths,	
Sphingidae,	 Saturniidae,	 and	 Eupterotidae,	 were	 shown	 as	 the	






two	 transition	 seasons	was	mostly	explained	by	 the	nestedness	
in	 the	 transition	 from	 dry	 to	 wet	 seasons	 for	 Saturniidae	 (57%	
of	 βsør),	 while	 Eupterotidae	 revealed	 the	 opposite	 pattern	 (60%	
of	βsør).
The	 communities	 of	 butterflies	 and	 Arctiinae	 were	 relatively	
more	similar	among	the	sampled	seasons	(βsør	ranging	from	0.15	and	












are	included	(the	type	II	Wald	χ2	tests:	*p	<	0.05;	**p < 0.01; 
***p	<	0.001);	see	Table	2	for	more	detailed	results
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3.4 | Species composition
The	 partial	 CCAs	 (Figure	 3,	 Table	 4)	 revealed	 significant	 intersea-
sonal	 differences	 in	 the	 community	 composition	 for	 butterflies,	







munities	of	Lepidoptera	 in	 the	 studied	West	African	 tropical	 rain-
forest,	 although	 the	phenological	 patterns	 slightly	differed	among	
the	particular	groups	studied.	Both	species	richness	and	abundance	
were	 generally	 lower	 at	 the	 end	of	 the	wet	 season	 and	 increased	
toward	 the	 high-dry	 season.	 Whereas	 we	 do	 not	 have	 any	 data	
from	 the	 high-wet	 season	 itself,	 the	 low	 abundance	 and	 diversity	
of	adult	Lepidoptera	can	be	related	to	the	climatic	harshness	of	the	
high-wet	 season	 on	Mount	 Cameroon	 (one	 of	 the	 wettest	 places	


















precipitation	 can	 also	 affect	 caterpillars	 both	 negatively	 (such	 as	





Focal group Response variable χ2 df p‐Value Marginal R2
Butterflies Abundance 364.1 2 <0.01 0.79
Species	richness 289.59 2 <0.01 0.43
eHbc 8.42 2 0.01 0.02
Fisher's	α 6.99 2 0.03 0.02
Fruit-feeding	moths Abundance 61.33 2 <0.01 0.59
Species	richness 40.07 2 <0.01 0.29
eHbc 0.72 2 0.70 —
Fisher's	α 1.12 2 0.57 —
Arctiinae Abundance 7.11 2 0.03 0.90
Species	richness 11.63 2 <0.01 0.26
eHbc 9.71 2 <0.01 0.26
Fisher's	α 6.71 2 0.03 0.20
Sphingidae Abundance 13.9 2 <0.01 0.10
Species	richness 8.74 2 0.01 0.08
eHbc 4.81 2 0.09 —
Fisher's	α 5.20 2 0.07 —
Saturniidae Abundance 14.43 2 <0.01 0.39
Species	richness 2.04 2 0.36 —
eHbc 4.23 2 0.12 —
Fisher's	α 11.38 2 <0.01 0.22
Eupterotidae Abundance 12.45 2 <0.01 0.47
Species	richness 6.99 2 0.03 0.27
eHbc 4.58 2 0.10 —
Fisher's	α 3.04 2 0.22 —
TA B L E  2  Summaries	of	the	GLMMs	
results	for	individual	models
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dominate,	as	the	extremely	low	solar	radiation	negatively	influences	





ing	 and	 flowering.	 Considering	 the	 dramatic	 rainfall	 discrepancy	
between	the	high-dry	and	high-wet	seasons	on	Mount	Cameroon,	
we	hypothesize	 that	 the	highest	 abundance	and	diversity	of	most	
studied	 lepidopteran	groups	during	 the	 transition	 from	dry	 to	wet	
TA B L E  3  Partitioning	of	beta-diversity	among	the	sampled	
seasons	and	for	individual	focal	groups	of	Lepidoptera	into	
nestedness	and	species	turnover



























dissimilarity	 caused	by	 the	nestedness	 (in	bold	 if	 >50%),	while	 the	 re-
maining	part	represents	the	species	turnover.	The	numbers	in	parenthe-
ses	behind	the	seasons	stand	for	the	number	of	collected	species.
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seasons	reflect	a	suitable	compromise	for	adults	and	resprouting	of	






















fruit-feeding	 moths.	 Nevertheless,	 such	 different	 biodiversity	
patterns	of	 fruit-feeding	butterflies	and	moths,	belonging	 to	 the	
same	trophic	guild,	were	unexpected.	Although	the	peak	of	fruit-
feeding	butterflies’	biodiversity	during	the	dry	season	has	already	
been	 repeatedly	 documented	 (Aduse-Poku	 et	 al.,	 2012;	DeVries	
et	 al.,	 2012;	Grøtan	et	 al.,	 2014,	2012	 ;	Ribeiro	 et	 al.,	 2010),	 no	
comparable	study	on	fruit-feeding	moths	exists	to	our	knowledge.	
As	we	know	from	our	observations,	many	fruit-feeding	moth	taxa	
(e.g.,	Deinypena, Hesperochroa, Pseudoarcte)	 are	 only	moderately	
attracted	 to	 artificial	 light;	 it	 is	 thus	 impossible	 to	 speculate	 on	
these	 patterns	 by	 comparing	 them	 with	 light-attracted	 moths.	
Yet,	it	can	be	hypothesized	that	the	differences	are	driven	by	the	
different	use	of	 resources	by	 the	 two	groups.	A	substantial	part	
of	the	recorded	butterflies	was	composed	of	relatively	 large	and	
mobile	species	 (e.g.,	Charaxes,	Euphaedra,	Cymothoe)	with	poten-
tially	 high	 demands	 for	 energy,	while	 the	 recorded	 communities	
of	 fruit-feeding	moths	were	mostly	composed	of	 smaller	 species	
with	lower	energetic	demands	on	average	(Niven	&	Scharlemann,	




both	 the	 same	 and	 different	 patterns	 in	 different	 Afrotropical	
forest	 communities,	 and	without	 any	 local	 quantitative	data,	we	
rather	 avoid	 any	 generalizations.	 Nevertheless,	 we	 hypothesize	
















dry	 season	 biodiversity	 and	 abundance	 peaks	 of	 Sphingidae	were	




Cameroon,	 no	 proper	 dataset	 on	 the	 flowering	 phenology	 exists.	
However,	we	observed	flowering	peaks	of	individual	sphingophilous	
plants	(e.g.,	Ixora, Schumanophyton, Tabernaemontana)	during	the	dry	
season.	 Simultaneously,	 several	 vagrant	 hawkmoths	 (e.g.,	Nephele 
aequivalens	 (Walker,	 1856),	 Phylloxiphia bicolor (Rothschild,	 1894),	
Pierreclanis admatha	 (Pierre,	1985)	were	detected	during	 the	high-
dry	season	only.	We	thus	hypothesize	that	flowering	of	these	spe-
cialized	plants	might,	at	least	partially,	explain	the	observed	patterns.
The	 two	 focal	 taxa	 with	 nonfeeding	 adults,	 Saturniidae	 and	
Eupterotidae,	did	not	show	any	consistent	seasonal	patterns	of	bio-




variation (%) Pseudo‐F p‐Value
Butterflies 1.73 12.1 10.7 0.005
Fruit-feeding	moths 3.79 8.5 7.6 0.005
Arctiinae 1.18 15.5 3.2 0.001
Sphingidae 2.03 4.9 1.5 1
Saturniidae 2.21 14.3 3.0 0.5
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this	 could	 be	 related	 to	 their	 short-living	 adults	 and	 the	 related	
strong	 temporal	 species	 turnover,	 as	 shown	 in	 our	 study	 as	 well.	




community	 compositions,	 caused	mainly	 by	 the	 strong	 interseasonal	
species	turnover.	The	fruit-feeding	Lepidoptera	and	Arctiinae	showed	











generalists	 in	all	 these	groups	 (e.g.,	Sphingidae:	Polyptychus nigriplaga 
Rothschild	 &	 Jordan,	 1903;	 Saturniidae:	 Imbrasia epimethea	 (Drury,	
1773);	Eupterotidae:	Stenoglene sp.).	Concerning	Sphingidae,	previous	
studies	 revealed	no	distinct	 seasonality	of	 their	 communities	 as	well	
(Beck	&	Linsenmair,	2006;	Owen,	1969).	We	do	not	know	any	similar	
study	 for	 the	other	 two	groups.	Contrastingly,	we	 found	a	 relatively	
large	proportion	of	Sphingidae	and	Saturniidae	to	be	specialized	for	the	
high-dry	and	transition	from	dry	to	wet	seasons	on	Mount	Cameroon.
The	 strong	 interseasonal	 patterns	 found	 by	 our	 study	 can	 in-
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